When the "suicide" vector pSUPIOI 1, which carries transposon Tn5 (Kmr), was introduced into Rhizobium japonicum USDA 110, kanamycin-resistant (Kmr) colonies were detected at a frequency (4.2 x 10-6) ca. 30 times greater than the spontaneous kanamycin resistance frequency (1.4 x 10-7). Ten thousand Kmr mutants were isolated and tested for nutritional auxotrophy. Auxotrophs were detected at a frequency of 0.5%. The following classes of auxotrophs were identified: adenine-(three), histidine-(three), glutamate-(five), adenine plus thiamine-(nine), uracil-(three), pantothenic acid-(one), tryptophan-(three), and methionine-(three). Mutants blocked in symbiotic nitrogen fixation (Fix-) were also identified at a frequency of 3%. The glutamate auxotrophs were studied in more detail, and all five showed an altered expression of nitrogenase activity in freeliving cultures.
Rhizobiium njaponici/in USDA 110 belongs to the most agronomically important tribe of root nodule bacteria working in U. S. agriculture today. These microorganisms form an effective nitrogen-fixing symbiosis with soybeans which are now grown on >60 x 106 acres annually.
Although some antibiotic-resistant and nutritional mutants of R. japonicum have been described previously (11, 19) . R. japoniclum mutant strains with altered symbiotic properties, i.e., nodulation (Nod) and nitrogen fixation activity (Fix), have been isolated, but with great difficulty (14, 15, 18, 25) . After chemical mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine, Maier and Brill tested 2,500 colonies on soybean plants and detected two isolates that had an increased ability to fix nitrogen for soybeans (15) . Moreover, other reports have described various R. Japonicun mutants that either did not nodulate soybeans or produced ineffective (non-nitrogen-fixing) nodules (14, 18, 25) . In general, mutations that alter symbiotic properties do not affect the growth of individual cells in free-living cultures. Therefore, techniques that rely on either a positive or a negative growth selection cannot be used for the isolation of such mutations. The availability of easily selectable mutations, such as those induced by the insertion of a transposon, would overcome this problem.
In this paper, we describe a system of transposon mutagenesis for the construction of a wide variety of mutants of this organism.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 . R. jaiponicuin and Escherichia coli stock cultures were maintained on agar plates supplemented with the appropriate antibiotic (ampicillin, 25 ,ug/ml; chloramphenicol, 25 p.g/ml).
Media. Mineral salts (S) base for all media used to cultivate R. japonicum was described by Lim and Shanmugam (12) . Medium designations are as follows, used singly or in combination: D-mannitol (M), yeast extract (Y), sodium gluconate (G), and sodium glutamate (Glt). Carbon and nitrogen sources were added at 1 g/liter except for GGIt, which contained 4 g of sodium gluconate per liter. LB medium was used as described by Miller to cultivate E. c.oli (17) . Transposon mutagenesis of R. japonicum. Transposon Tn5 was introduced into R. japonicum by the Mob system, which was constructed by Simon and Puhler (23) . Since the Mob system utilizes the RP4 broad-host-range transfer functions, the suicide vector pSUP1011 (pACYC184::Tn5) was introduced into R. japonicum by the plasmid transfer technique described above, with minor modifications. A rifampinresistant (Rifr) R. japonicum USDA 110 derivative (strain SU) was used as the recipient. For the pSUP1011 (TnS) transfer experiments, the selection for R. japonicum containing Tn5 was performed on MSY agar plates containing trimethoprim (50 pxg/ml) and kanamycin (100 pugIml). Trimethoprim was incorporated into the selection medium to counterselect the E. coli donors. Control matings were mixtures of donor (without plasmid) and recipient filtered together.
Isolation of mutant strains of R. japonicum. For the selection of auxotrophs, each R. japonicum SU Kmr conjugant was purified by streaking onto MSY rifampin-kanamycin (each 100 ,ug/ml) agar plates. Purified Kmr strains were then tested for auxotrophy by streaking onto MS-NH4' agar.
These plates were incubated at 30°C for 14 days. Those clones that did not grow on minimal medium were then screened by the method of Davis et al. (with minor modifications) to determine their specific nutritional requirements (7) . Auxotrophs were first grown aerobically for 2 days in liquid YS medium, harvested by centrifugation at room temperature, washed twice, suspended in MS-NH4+ medium, and then streaked onto MS-NH4' agar plates supplemented with different nutrients. The nutritional requirement of an auxotroph was verified by streaking on MS-NH4' agar plates containing the specific requirement. Reversion analysis. The reversion frequencies of Tn5-induced auxotrophs were determined by growing cells in YS medium for 2 days at 30°C. When cultures reached saturation (ca. 109 cells per ml), the cells were washed twice and concentrated threefold with MS-NH4' and then 108 cells were spread onto MS-NH4' agar plates. These plates were incubated for 14 to 21 days at 30°C. Prototrophic colonies were subsequently screened on MSY plus 100 ,ug of kanamycin per ml to determine their sensitivity or resistance to kanamycin.
Nitrogenase induction and assay. Nitrogenase activity in free-living cultures of R. japonicum was measured by the induction procedure of Lim and Shanmugam (12) with minor modifications. After growth in YS medium, cells were harvested by centrifugation at room temperature, washed once, suspended in GGlt medium, and used to inoculate 2.0 ml of GGlt medium to an A420 of 0.2 in a 71-ml serum bottle (no. 223746; Wheaton, Millville, N. J.). Samples (50 ,ul) of the gas phase were assayed essentially as described before (12) . Since nitrogenase specific activities were being determined, cell samples (0.2 ml) were removed from serum bottles at 48-h intervals with a syringe. The protein concentration of cell samples was assayed by the procedure of Lowry et al. (13), with bovine serum albumin (Sigma Chemical Co.) as a standard. Soybean nodulation experiments. R. japonicum SU Kmr (Tn5-induced) prototrophs were checked for effectiveness (nitrogen fixation) with Clark soybean (Glycine max L. Merr.). Seeds were surface sterilized by immersion into commercial sodium hypochlorite (5% [wt/vol]) for ca. 8 min. After sterilization, seeds were rinsed four times with deionized water and then transferred with forceps to a petri dish lined with a paper disk. The disk was moistened with 2.5 ml of nitrogen-free plant nutrient solution (10) . The seeds were incubated at room temperature in the dark for ca. 3 to 4 days to allow germination. Plant nutrient medium was added when needed to prevent the filter paper disk from drying out. (ii) Identification of nutritional requirements. The auxotrophic mutants were then analyzed to determine their nutritional requirements by methods described above. The following classes of auxotrophs have been identified: adenine (three), histidine-(three), glutamate-(five), adenine plus thiamine (nine), uracil-(three), pantothenic acid-(one), tryptophan-(three), and methionine-(three). Twenty-three were unidentified. The distribution of auxotrophic mutants indicates a relative nonspecificity of Tn5 insertion into the R. jalponlciUn genome.
(iii) Reversion analysis. All identified R. japonicurm auxotrophs were tested for reversion to prototrophy. Of the 27 auxotrophs tested, 18 yielded prototrophs. Reversion frequencies ranged from 10-5 to less than 10-9. When the prototrophic revertants isolated from each auxotroph (18 strains) were tested for growth on MSY-kanamycin (100 p.g/ml), prototrophic revertants from 13 auxotrophs were found to be kanamycin sensitive. The reversion rates were very low (10-8 to 10-9) for the auxotrophs that yielded Kms prototrophs. On the other hand, the reversion rates were higher (10-i to transposed into unique sites in the R. japonicum chromosome (Hoang and Dandekar, unpublished data).
Nodulation properties and nitrogen fixation activities of TnS-induced mutants of R. japonicum. (i) Kmr prototrophs. Two hundred transposon Tn5-induced kanamycin-resistant prototrophs were screened on soybean plants for symbiotic properties such as nodulation and nitrogenase activity. Six mutants which lacked nodule nitrogenase activity (Fix-) were detected. These Fix-mutants are classified in two phenotypic groups by the color of the nodule interior, i.e., three green and three pink. All strains reisolated from nodules were found to be kanamycin resistant. R. japonic um Fix-strains which caused pink or green nodule interiors were isolated at a frequency of 3%. Although only a small fraction of the Kmr mutant library has been screened, the frequency of Fix-strains was higher than that reported (0.12 to 0.9%) in studies with transposon and chemically induced Fix-mutants of fast-and slow-growing strains of Rhizobium (4, 14, 16) .
(ii) Glutamate auxotrophs. The availability of Tn5-induced glutamate auxotrophs provided an opportunity to study the relationship between glutamate-glutamine metabolism and the regulation of nitrogen fixation activity in R. japonicum. The nitrogenase induction pattern was determined for R. japonicum SU (parent strain) and glutamate auxotroph strains 92-46 and 185-38 (Fig. 1) . Although the maximum nitrogenase specific activities (nanomoles of acetylene reduction per hour per milligram of protein) for the three strains were approximately the same at the end of the induction period, at 140 h, glutamate auxotroph strains 92-48 and 185-37 had nitrogenase specific activities that were 14 and 18 times greater, respectively, than that of the parent strain. Although somewhat lower in magnitude, the other three glutamate auxotrophs had, at 140 h, increased nitrogenase specific activities as compared with the parent strain ( Table 3 , lines 1 and 2 to 4). These results suggest that the regulation of nitrogenease activity was altered in the glutamate auxotrophs.
DISCUSSION
Transposon Tn5-induced mutants were first isolated in Rhizobium leguminosarum by Beringer et al. (1) and subsequently in other fast-and (one) slow-growing strains of Rhizobium (3, 4, 8, 16) . We have successfully adapted the Mob-suicide plasmid system that was used in obtaining mutants in R. meliloti (23) to isolate different types of TnSinduced symbiotic and auxotrophic mutants of R. japonicum USDA 110.
The experiments concerning the determination of the antibiotic sensitivities and the optimization of RP4 plasmid transfer frequencies were essential for laying the foundation for the isolation of TnS-induced mutants in R. japonicum. Cole and Elkan showed that many strains of R. japonicum were resistant to a variety of antibiotics (5). Since we showed that R. japonicum SU was sensitive to kanamycin (Table 2) , TnS became a prime candidate for transposon mutagenesis. Transposons have been shown to translocate from one site to another at a frequency of 10-5 to 10 -6 (1, 4, 16) . Since the frequency of spontaneous kanamycin resistance in R. japonicum is ca. 10-7, it was necessary to obtain plasmid transfer frequencies of at least 1 times greater than this level. An earlier report showed an RP4 transfer frequency from E. coli to R. japonicum USDA 110 of 10-4 (19) ; therefore, higher plasmid mobilization was necessary to detect suicide plasmid-mediated transposon mutagenesis. We have shown that RP4 plasmid transfer between E. coli and R. japonicum was increased by utilizing a donor shaker culture, incubating the membrane filter which contained the mating mixture for longer periods, i.e., 4 days, and heating the recipient cells at 50°C for 5 min before mixing with donor cells. Combining these three conditions in filter matins experiments increased the RP4 transfer to levels (ca. 10-that would allow the detection of TnS-induced mutants.
The introduction of TnS into R. japonicum was clearly demonstrated by the 30-fold increase in the Kmr frequency when the E. coli donor possessed pSUP1011, the suicide plasmid containing Tn.5. Similar increases in antibiotic resistance were reported when the suicide vector pJB4JI was transferred to other strains of Rhizobium (1, 4) . After successful introduction of TnS into R. japonicum, the loss of the suicide plasmid and subsequent Tn5 insertion into the R. japonicum genome were shown by the following points. (i) All putative TnS-induced Kmr mutants did not express an increased chloramphenicol resistance (data not shown), which indirectly indicates loss of the suicide plasmid. (ii) Plasmid suicide was verified when a small random sample of Kmr mutants were shown by agarose gel electrophoresis to lack the plasmid (data not shown). (iii) Kmr auxotrophs were detected at a frequency (5 x 10 3) that was many times greater than the rate of spontaneous mutation leading to auxotrophy. (iv) Prototrophic revertants of Kmr auxotrophs were detected in most of the mutants tested. Prototrophic revertants detected at rates of 10-8 to 10 -9 were also shown to be Kms. This result suggests that the Kms revertants were caused by a precise excision of the TnS insertion. Meade et al. showed that precise excision of TnS in R. meliloti occurred at similar low frequencies (16) . On the other hand, the higher frequency of Kmr prototrophic revertants is more difficult to explain. Beringer et al. (1) Tn5 glutamate auxotrophs of R. japoniciin SU were shown to have an altered expression of nitrogenase activity in free-living cultures ( Fig. 1 and Table 3 ). These glutamate auxotrophs possessed an accelerated induction of nitrogenase activity in nitrogenase-derepressing conditions. In Klebsiella pneumoniae, mutant analysis has implicated a regulatory relationship between glutamate and glutamine metabolism and nitrogenase expression (20, 21, 26, 27) . For example, K. pneumoniae mutants which were derepressed for nitrogenase in the presence of NH' were shown to have defects in the assimilation of NH' to the level of glutamate (22) . Both glutamine synthetase and glutamate synthase activities have been detected in R. japonicum (2, 6) . Although the levels of these two NH'-assimilatory enzymes have not been determined in the Tn5-induced glutamate auxotrophs, our initial observations suggest that a K. pneumoniae-type regulatory relationship between nitrogen metabolism and nitrogenase synthesis may also exist in R. japonicum USDA 110.
In conclusion, the diversity of auxotrophs detected (9 classes) and the isolation of symbiotic mutants suggests that transposon Tn5 can be used as a generalized mutagen to isolate a variety of mutants with defects in symbiotic nitrogen fixation. The analysis of such mutants should prove to be useful in elucidating the biochemical, genetic, and regulatory events involved in the R. japonicum-soybean symbioSiS.
